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ABSTRACT 


The polyphase switching-transistor circuit studied in 
this thesis offers promise of attaining speed control of 
induction motors by providing a simple means of varying 
line frequency. Both by theoretical analysis and in experi- 
mental work, the practicability of such an application is 
proved. While problems do exist, viz., undesirable rotor 
heating due to harmonic content in the switching-circuit 
output, possibility of difficulty in starting the motor due 
to the low impedance of an induction motor at starting, and 
relatively low power levels obtainable from presently avail- 
able power transistors, all these difficulties are capable 
of solution. 


The theoretical analysis includes a study of operation 
of the single-phase circuit based on operation as a 
relaxation oscillator. Then, the effect of adding more 
phases is studied, These analyses point out the importance 
of various circuit parameters in determining range of 
circuit operation. 


The procedure for designing a three-phase circuit is 


outlined and the problems encountered in attempting to 
attain maximum power output are discussed. 


ii 





The feasibility of utilizing the switching-circuit out- 
put as a power supply for a conventional induction motor is 
investigated analytically. The most important subjects 
studied are the effects of harmonic content in applied volt- 
age on torque-speed characteristics of the motor and the 
additional rotor copper losses which result due to this 
harmonic content. 


The experimental work consists of designing a three- 
phase circuit and making it operate. Experimental data ob- 
tained deals primarily with the effect of various circult 
parameters on operation, providing confirmation of the pre- 
dictions of theory. A synchro, with shorted rotor, was run 
as an induction motor and its speed varied by changing the 
applied d.a. voltage. 


It is concluded that the qualitative behavior of the 
polyphase transistor-switching circuit is accurately pre- 
dicted by theory. By careful determination of the many 
parameters in the circuit, quantitative predictions should 
be very precise. It is further concluded that speed control 
of low-power induction motors, using the switching circuit 
output as a power supply, is feasible, but that it is 
desirable to filter out the harmonic content of the switch- 
ing circuit output in order to minimize undesirable losses 
due to the harmonics. 


It is recommended that further experimental study be 
made, particularly with regard to speed control of induction 
motors, that the switching circuit design be optimized for 
maximum power output, that the problem of filtering the 
switching cirecult output to remove harmonics be investigated, 
and that schemes for increasing the power rating of the 
circuit be devised. 


Thesis Supervisors Alexander Kusko 


Associate Professor of 
Electrical Engineering. 
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CHAPTER 1 
INTRODUCTION 


With the coming of age of automation, the need for 
variable speed control of electric motors for use in control 
systems has assumed great importance. Even before automa- 
tion in industry, variable speed electric motors found many 
applications in military servo systems. Because of the dif- 
ficulty in obtaining speed control of AC motors, it has 
invariably been necessary to use DC motors in the aforemen- 
tioned applications. This, of course, introduces the 
disadvantage of the commutator as well as requiring exten- 
sive additional equipment if wide speed range is desired. 

Tnere would be several advantages attendant to using 
induction motors in the above applications, among which are 
the ruggedness of the motor, the inexpensiveness of the 
squirrel-cage rotor induction motors, and the fact that 
there is no commutator. The inflexibility of the induction 
machine from the standpoint of speed control has prevented 
its wide use in control applications, but smooth speed 
control over any range can be provided if the line frequency 
is varied. Since it has not been convenient to do this in 
the past, the induction motor has been regarded as essen- 
tially a constant-speed machine. The switching circuit 
studied in this thesis offers a means of conveniently varying 
line frequency and, thus, varying the speed of an induction 


motor. 





It is the purpose of this thesis to investigate analyt- 
ically and experimentally the application of a switching- 
transistor DC to AC converter described by Royer in [1] to 
speed control of induction motors. This circuit has an out- 
put frequency proportional to the magnitude of the DC input 
voltage, so it provides the variable frequency source 
required to attain such speed control. Furthermore, the 
magnitude of the output voltage is also proportional to the 
DC input voltage, so the maximum torque attainable remains 
nearly constant since the flux density is approximately 
constant. By the use of phase-locking techniques described 
by Milnes in [2], two or more of the basic circuits may 
be combined to provide a polyphase power supply. Since the 
ousput of the converter is a square wave, the effect of 
square voltage wave excitation on the toraqve of an induction 
macnine must be determined. 

The operation of the basic circuit, the phase-locking 
principle and the effect of phase-locking on operation of 
tne basic circuit, and the effect of applying square voltage 
waves to an induction machine will all be analyzed theoret- 
ieally. Insofar as possible, the predictions of theory will 


be checked experimentally. 





CHAPTER 2 
PROCEDURE 


In both the analytical study and the experimental work, 
the proeedure has been to start with the simple and proceed 
to the more complex. For example, in the theoretical 
analysis, the basic circuit is first analyzed for operation 
With passive loads, then the phase-locking principle is 
studied, after which the operation of the converter with 
phase-locking elements included is determined. These 
analyses place the limits on the load which can be placed 
across the output and indicate the departure of operation 
from the ideal case. The analytical portion of the thesis 
is then completed with the analysis of the effect of square 
voltage wave excitation on the torque-speed characteristics 
of the polyphase induction motor. 

In the experimental phase of the thesis, a similar 
procedure is followed. The basic single-phase converter 
is designed and assembled and then tested to determine 
operation with various passive loads. Then, successively, 
two-phase and three-phase circuits are assembled and tested. 

Tne object of the experimental portion is to determine 
degrees of agreement with theory and practical limits of 
operation. Therefore, information of interest includes 
range of input voltage over which satisfactory operation is 


obtained, frequency of output for a given input voltage, 


Z 





range of frequency obtainable, and power level of the output. 
Tonis information is readily obtained once the circuit is 
properly operating. 

As will be developed in the analysis of the basic cir- 
eult, the problem of starting an induction motor using the 
switching eireuit is a difficult one. For proper operation, 
the circult requires a certain minimum load impedance, and 
the induction motor, at starting, is almost a short circuit. 
Therefore, the phase of the experimental work concerned with 
applying the switching circuit output to the windings of an 
induction motor consists of trying to devise schemes for 
introducing impedance into the load in order to maintain 
oscillatory operation of the switching circuit. 

The thesis follows, in general, the outline of proce- 


dure given above. 





CHAPTER 3 
ANALYSIS OF SWITCHING CIRCUIT OPERATION 


53.1 Basic Circuit 

Tne basic switching circuit proposed by Royer in [1] is 
shown in Figure I. The operation of this circuit has been 
described in terms of core saturation in both [1] and [2]. 
While such explanation does express the mode of operation of 
the circuit, it leaves many questions unanswered. By analyz- 
ing the circuit as a negative rN iveiter oscillator, a more 
complete picture of the operation may be obtained and, in 
particular, the importance of the load impedance level shows 


up clearly. 


OutTreuTt 





Fig. I. Basic switching circuit. 


Obviously, one-half of the circuit may be investigated 
at a time since, when one transistor is conducting, the 


other is blocking and does not affect the output. The 
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analysis is carried out in detail in Appendix A, but the 
assumptions made in the analysis are important and include 
the following: 

1. The transistors are perfect switches, i.e., wnen 
blocked the leakage current is negligible and is 
assumed to be zero. 

2, Leakage inductances of the core windings are 
negligible. This assumption simplifies the 
analysis considerably and is justified by the 
fact that these inductances do not fundamentally 
affect circuit operation. 


3. Winding resistances of the core windings may be 
lumped with other resistances in the circuit. 


i. Based on (2) and (3}, the windings may be 
represented as ideal transformers, 


Granted these assumptions, we are able to look into 
the cirsult of the "N} windings, with the magnetizing 
anductances and load being taken out of the circuit. The 
circuit may then be reduced to the form shown in Fig. II. 
Rae plecewlse-linear model of the transistor is the con- 


ventional representation of a transistor in saturation. 





Fig. II. Representation of conducting half of switching 
circuit for break~point analysis. 
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Using conventional methods of break-point analysis, the 
v-L characteristic of the circuit can be determined. Then, 
from symmetry considerations, the picture may be completed 
by adding the effect of the other half of the circuit, the 
resultant v-i characteristic being shown in Fig. III. The 


quentities of interest are as follows: 





, ea 
Saree ae Ly ol a (1) 
1 7 aR: es ) 
= t-al(nel) 
I= Mo ao ARs (2) 
= n?(i-a) Ry 
Ro (ned) (5) 
i Rs (Nn? Ry | , 
Re 4) 
where Ro= Wt wwe (5) 
Reo = Vea Vw 1 (6) 
> == Ni/n, (7) 


Note that Re is negative for any normal value of the 
vurns ratio, so that the cireult, as seen from the magnetiz- 
ing inductance of the core, displays the volt-ampere 


characteristic of a negative-resistance oscillator. 





Fig. ITI. v-i characteristic of switening circuit as 
viewed from magnetising inductance of core, 


3.2 Effect of Load on Basic Circuit v-i Characteristic 
Based on tne foregoing, the cireult may be represented 

by the magnetizing inductance and the load placed across 

the terminals of a black box whose v-~-i characteristic is 


known. This representation is shown in Fig. IV. 





Fig. IV. Representation of switching circuit and load. 


For the moment, assume that the magnetizing inductance 
28 infinite and that the load is resistive. Then if we 
lump the winding resistance of the load and the load itself 


and call the resultant resistance R we can look in at the 


ica 
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vi-1i! terminals and observe the effect of Ry, on circuit 
operation. As shown in Fig. V, the effect of the load is 


to change the value of the negative resistance. The 
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Fig. V. vi-i'! characteristics of load and negative 
resisvance oscillatoz, showing the erfect 
of Ry, on operation. 


practical importance of this is obvious in that if Ry, 
equals R. (R, being defined by Equation (4)), the circuit 
no longer looks like a negative resistence, so oscillatory 
cenavior will not occur. This poses a difricult problem 
to tne purpose of this thesis for it 1s hoped to apply the 
outyout of this circuit to the stator windings of an induc- 
tion motor. Since, at starting, the resistance of an in- 
duction motor is very nearly zero, the effect of placing 
this motor directly across the switching circuit output 


may be to stop the oscillations of that circuit. 


o 





Therefore, at starting, some means will nave to be devised 
to make the load present a high impedance to the switcning 
circuit. 
3.5 Oselllatory Behavior of the Basic Circuit 

It has so far been shown that the basic circuit displays 
a negative resistance porcion in its velt-amrere characteris- 
tic, and it has been implied that this can lead to oscillatory 
benavior. This effect will now be shown. 

Wren we look into the N, windings of the basic circuit 
from tne magnetizing inductance of the core, we see the v-i 


characteristic shown in Fig. VI(a). For stnplicity, the case 





(a) (4) 


Fig. VI. ia v-i characteristic of switching circuit. 
b) Typical hysteresis loop for core material. 
Letters refer to particular states in the operation. 


wnere Ry is infinite is shown. If some finite value of Ry, is 
taken {so long as R, is greater in magnitude than Ra) the 
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only effect is to change the slopes of the v-i characteris- 
tic; the principle remains the same. 

Suppose that the initial state of the core is at point 
A in Fig. VI(b). On the v-i curve in Fig. VI(a), this 
point is located as shown. So there is some voltage, ie» 
across the windings and a magnetining current, Tw? flowing 
in the windings. So far as the v-i. curve is concerned, this— 
state remains while the core absorbs 2A, = 2N@, volt seconds. 
After tnis absorption, the core is at point B, as indicated 
in Fig. VI(b). So far as the v-i curve is concerned points 
A and B are identical. 

At point B, the core saturates and the voltage and 
current are constrained to operate on the v-i characteristic 


and are related by 


vel. di (8) 


so the current and voltage increase (voltage becomes less 
negative) along the path BC, indicated in Fig. VI(a). At 
point C on the v-i curve, the current cannot continue to 
increase in accordance with Equation (8) because the v-i 
loeus will not allow it. So, still referring to Fig. VI(a), 
operation switches almost instantaneously to point D. (The 
time interval here depends upon the switching time of the 
transistor.) At point D, the v-i locus is such that the 
relaticnship given in Equation (8) may again be satisfied, 
so both current and voltage decrease until point E on the 


hysteresis loop is reached, at which time the core desaturates. 


ak 





Voltages and currents then remain constanv while the core 
once more absorbs 2h, volt seconds. At that point, satura- 
tion again occurs and the same sort of operation as is 
deserlbed above is repeated to close the oscillation loop. 
Looked at as a function of time the voltages and 


currents appear as shown in Fig. VIE. If the saturation 
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Fig. Vil. Current and voltage waveforms in steady 
state operation of switching transistor circuit. 


inductance were zero and if tne transistors switched 
instantaneously, the transition from B to E and F to A 
would be instantaneous and a perfect square wave output 
would be obtained. Furthermore, the frequency of operation 


would depend solely on the time it takes for the core to go 


Pa 


le 





from negative to positive saturation, 1.€.;, 
where Ot is the time for one half cycle to occur. Then, we 


have 


f = sree ai 


which is the fundamental frequency relationship for this 
cireulé. 
One interesting fact is immediately evident. In the 

usual approach to analyzing the cperasion of tnis circu 

the frequency relationship has been written with E replacing 
¥: in Equation (10). Neglecting other time intervals in the 
cycle (i.e. assuming L, is zero and transistor switches 
instantaneously), for any non-zero value of Ry» the ideal 
frequency is approached more and more closely as n*Ry is 
made very much larger than Ry° This is shown by the follow- 


ing equation: 


Vy = (E-ImRs) a Re (ci) 
R,+n*Rp 


sinee Tks is very mucn smaller than E, it can be neglected, 
so the importance of the n*Ry, term in determining the devia- 
Sion of the frequency from thet predicted for the ideal case 
is evident. Unfortunately, as can be seen by reference to 

Equation (3), an increase in the quantity n*R, also increases 


R thus increasing the minimum allowable load impedance. 


oO? 
Insofar as operation of the basic circuit is concerned, 


the only other question of importance concerns the relative 
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magnitudes of the various time intervals in determining 
frequency. 


3.4 Importance of Various Time Intervals in Determining 


Frequency 
Reference to Fig. VII shows that two parasitic time 


intervals exist in any given cycle, that is, the time to go 
from B to C and from D to E, and the switching time of the 
transistor (C to D). We can find the time to go from D to 
G to aecount for the intervals from B to C and D to E, and 
the switching time of the transistor may be estimated using 
the high-frequency equivalent circuit. 

To determine the time involved in going from D to 4G, 


we can use Equation (8) and the following relationship: 


yv- {[RsmRe \t + EntRp 12 
(Seen Rs tn*Ry ( 


This calculation is made in Appendix B, using repre- 
sentative values of the circuit parameters, and shows that 
whe time interval involved in one complete cycle is approx- 
imately twenty-five micro-seconds. 

in order to estimate the switching time of the trans- 
istor, the high-frequency piecewise-linear model of the 
transistor given in [4] is used. Again calculations are 
ineluded in Appendix B and show that the switching time of 
the transistor is of the order of micro-seconds, so the 
time interval for switching the transistors is negligible. 

When we consider the fact that the maximum frequency 


we are interested in for our purposes is 100 cps, we see 
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that the minimum period we will be dealing with is ten milli- 
seconds; therefore, neither of the parasitic time intervals 
is of any consequence in determining the freauency of opera- 
tion of the oscillator. 
5.5 Conclusions Concerning Operation of tne Basic Circuit 
Based on the foregoing, tne following important conclu- 
sions can be made with regard to operation of the single 
pnase switeching-transistor circuit: 
1. There 18 a2 minimum value of load impedance, below 
wnich oscillatory benavior of the switching 
circuit ceases. 
<e. Because of the arorementioned restriction on the 


value of load impedance, the power which can be 
delivered to the load is limited. (Since P = 


Vioaa/Ry- 


3. The frequency of operats.on approaches more closely 
the ideal predicted fre quency as che quancvity 
n2R.. is increased. Unrorvunately, increasing 
n?2RY has the concomitant effect of increasing the 
minimum allowabie load impedance 


9 
- 


4, Parasitic time intervals are of no consequence in 
determining frequency of operation of the circuit 
over the range in which we are interested. 

The next scep is to investigate the phase-locking 

principle and determine the effect of phase-locking on the 


operation of the basie circuit. 
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CHAPTER 4 


POLYPHASE SWITCHING CIRCUITS 


4.1 Phase-locking Principle 

By utiliging phase-locking techniques proposed by Milnes 
in [2]. two or more of the converters deseribed in Chapter 3 
may be locked together with their ovtpus differing in phase 
by any desired amount. In this chapver, @ eAreuit in which 
two of the besic conververs are locked together with a 120° 
phase difference will be deseribed. In order to construct a 
three-phase system, ic is then simply necessary to add 
another converser locked 120° behing the other two. 

In order to link the basic converters to form polyphase 
systems, the arrangement shown in Flg. VInT is used. In this 
arrangement, the elements designated Ly and L. are saturable 


3¢ors, the volit-time ratings of which are adjusted to 


4 


provide the desired phase difference Letween the outputs, 


frie analysis of the basic converter circult as a 
negetive-resistanece cevice led to meny incveresting conclu- 
SLons with regard to its operation, particularly giving an 
insight into the erfect of various circuit parameters on 
operation. In analyzing the phase-locking principle, this 
cecnnigue is not useful. Instead, oe tion is conveniently 


investigated in terms of voit-time areas. 
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Converter No. 1 Converter No. 2 


Fig. Vift. Arrangements for locking two converters togetner 


with predetermined phese shift between the outputs. 


The desired output waveforms ere shown in Fig. IX(a) 
and (b). Now, reference to Fig. VIIZ shows that, with wind- 
ing polarities as indicated, Wag) N4/Ny appears across L_ 
and ats) N3/Ny appears across L_. These sum and differ- 
ence voltages are shown in Fig. IX (c) and (d). 

Fig. IX (c) and (ad) show that for the phase difference 
desired, the volt-time rating of Le must be twice that of L 


{It is now desired to relate the volt-time ratings of the 


mi 





ie a 


(2) = - 
“we 
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Fig. IX. Output voltages from two-phase circult and sum and 
difference voltages which appear across saturable 
reactors . 


Sacvurable reactors to that of tne matn windings. First, we 
resognize that in any nalf ecyele each of the saturaole 
reactors goes from negative saturation to positive satura- 


tion. Tnen we can say that in one nelf-cycle, Ll absorbs: 


ZV Ns aL ole Secs. (13) 
Ue 
and ee absorbs: 
2V, Ns T volt secs. (14) 
Nee 


in this haif-cyele, the main windings absorb: 


Vi > = 2NiD¢g volt Secs. (15) 
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from which we can solve for T. 


We then observe that Li and ti togevner absorb: 


VA = ENON 2N, O., volt secs. (16) 


whneve Q. and me are the saturation fluxes of L| and L_, 
zh 2 
espectlvely 
Then, using the fact that the volt--cime raving of L 
2 
must be twice vhav of L , and assuming tnatv Py, equals pis 
1 
(as 1t will in the practical case), we find ney : 


NiO = Ns Os (17) 
and 
NG is Ns Os (18) 


Equasions (17) and (18) are the fundamental relationship 
between the volt-time ravings of tae sevureple reactors and 
c-time ravings of the phase-locking circuits turns (N) 
on vie main cores when two converters ere locked together 
wivh 12 © phase sairt. 

How does this assure the desired phase-locking? if the 


) ; 2 
OUTOULS are not ous of phase by 120°, the sum and difference 


| 


volvazes will be different from these shown in Fig. Ix. For 
example, if the outputs are out of phase by less than 120° 
the sum le) N3/N, Will appear across L earlier than is 
shown in Figure IX (c). However’, Ue “8 Gesigned to absorb 

@ certain number of volt-seconds, so, after absorbing this 


Gesigned amount, it will saturate. The sum voltage will then 
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appear across the rectifier bridge, thence across the resist- 
ance in the base circuit of transistor 1A in such a direction 
as to make the transistor non-conducting. (Refer to Fig. 
VIII.) Thus, the transistor will switch sooner than it would 
heve withcut phase-locking. By following cycles of this sort 
the two cireuilts finally arrive at the desired phase rela- 
tionship. A more detailed discussion of the above action for 
a quadrature phese-locking circuls is given in [2]. It 
should be mentioned that investigation of the phese-locking 
action in detail shows that the relationships given in Equa- 
tions (17) and (18) are not exact in the practical case, but 
that the volt-time ratings of the saturable reactors snould 
be slightly less than those ideel values [2]. The discrep- 
ancy is small and is not amenable to precise prediction, so 
in designing the circuit it is desireble to provide taps on 
he windings on L. and L, in order to permit adjustment of 
the number of turns to give exactly the desired phase shift. 


4.2 Effect of Phase-locking on Cpevetion of Switching 
revit a 


In this section we are interested in determining the 
effect of introducing phase-locking on the operation of the 
besie circuit. That is to say, how does it affect the con- 
verter operating as a negative-resistance oscillator? 

Tne analysis is made in detail in Appendix C. [In 
order to simplify the equations, the two-phase circuit is 
analyzed, extension to the three-phase case being made by 


deduction. In order to make this analysis it is necessary 
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to regard all transformers in the circuit as ideal except for 
winding resistance. Accordingly, self-inductances of the 
Windings are assumed to be zero and magnetizing inductances 
are assumed to be infinite. 

As shown in Appendix C, the basic effect in the steady 
state of adding the phase-locking circuit is to modify the 
v-i characteristic as seen from the load. The slope of the 
negative resistance portion (Ro in Fig. III) is changed in 


accordance with the following relation: 


ee R,(R+Rz) (19) 
° RECit K) 


where R, is as defined in Equation (5), R, is defined in 
Equation (3), R is the resistance introduced into the base 
circuit of each of the transistors (See Fig. VIII), and K is 
defined by the following: 


ae TayEe ht [io Ne a Luka ee ain R Lait Re . 
aad 
~ E+) HBSS. JEnfi- 2 (n+ I} - bie R " ee’ 


where I, is the magnetizing current of the main core (for 
example, see Fig. VI(b)) and other quantities have been pre- 
viously defined. The magnitude of K is normally small but, 
whatever its magnitude, the effect is to make R.' larger. 
Therefore, the most important result of introducing 

phase-locking in the two-phase case is to increase the value 
of the negative-resistance portion of the v-i characteristic 
as seen from the load, thus increasing the minimum allowable 


load impedance for oscillatory operation. 


ail 





in the three-phase case, the effect is even more pro- 
nounced in that the center converter sees more additional 
resistance because of the additional phase-locking windings 
so that the quantity, K, in Equation (19) will be further 
increased, thus increasing Ro once more, 

Tnese effects are all observed experimentally. Each 
time the number of phases is increased in going from single- 
phase to three-phase operation, it is found necessary to 
increase the minimum load resistance to sustain oscillatory 


operation. 
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CHAPTER 5 


DESIGN OF THREE--PHASE 
SWITCHING-TRANSISTOR CONVERTERS 


5.1 The Three-phase Circuit 

As is mentioned in Section 4.1, the three-phase switching- 
transistor circuit is made up of three converters, each differ- 
ing in phese from the othersby 120°. Such/arrangement is shown 
in Fig. X. In this scheme, the volt-time ratings of L, and Ls 
are equal, as are those of Li and Ly The volt-time rating of 
Ley and Ly is twice that of L, and Las In actual practice, the 
converters are supplied from the same D.C. source, three differ- 
enc sources being shown in Fig. X in order to simplify the 
Glagram . 

The design of the particular circuit used in experimental 
work for this thesis is outlined in Appendix E, the following 
procedure being given for the general case. 

5.2 Determination of Number of Turns on Cores 

Tae first step is to determine the number of turns to be 
used in the various windings shown in Fig. X. For design 
purposes, the frequency relationship given in Equation (10) 


may be approximated by the ideal relationship which follows: 


fe _E 
AN,®s my 





In order to solve for Ni: three quantities, f, E, and D> 
are required. D. is a function of the core material and 


dimensions and is assumed known. For a constant frequency 
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Fic. X. 


Three-pnase Switching Circuit. 








eireuit, fF is known uniquely. In the variable frequency case, 
it is the maximum frequency at which the converter is desired 
to operate. The input voltage, E, 18 dependent upon collector 
characteristics of the transistor operating in the common 
emitter configuration and upon the maximum allowable collector- 
to-emitter voltage for the transistor. This last characteris- 
tic gives the maximum allowable value of input voltage. In 
this eonnection, it twust be remembered that when the trans- 
istor is cut off, twice the input voltage appears across 
collecvor-to-emitter, so the maximum permissible input voltage 
is one-half the maximum allowable collector~-to-emitter voltage. 
Knowing all tnese quantities, NO may be calculated. If 
it is important that the meximum frequency of operation be 
achieved, the caiculavcion snould be Yor some input voltage 
less than the maximun allowable sinee?, as was shown in Section 
5-3, thé voltage waich appears across the core is less than E. 
Ne is determined sy the amount of base current required 
to savurate che transistor. Referring to typical collector 
characteristics for the transistor in the common emitter con- 
figurasion, as shown in Fig. KX, a load line for the maximum 
allowable voltage is chosen so as to obtain the maximum 
possible power from the transistor when saturated. For the 
present, assume that this load line is as shown. It can be 
seen that in order to saturate the transistor PL. = 400 ma), 
the base current must be about 10 ma. Then, knowing the value 


of the resistances in the base, the voltage reauired across 


eae) 





40 = Oma 





iy 
i <i 
7 
Ns ldo 
TT 
WO tio 
4 30 
r 66 
af 
» Volo 
7 20 Zoo 
= \n O&D 
i : —<— LIN 
WJ 
'v Nee 
4 3N 
a vg 2%</ 
ot 
S) ) if ¢ 
“ie ido 200 3 400 S00 Geo 


COLLECTOR CURRENT  cmicti Anveres) 


Fig. Xi. Typieal collector characteristics for power 
transistor in common emitter configuration. 


the yi,” winding to give this required base current may be 
decsermined. Knowing this, the turns ratio, NN, > may be 
found for the maximum input voltage. In the practical 
case, N mey be chosen larger than the value indicated by 
the ebove to provide a safety factor and assure saturation. 
Tt must be recognized, however, that this will increase 
Gissipetion in the base. 

There is no particular requirement on the value of Ns 
exceps that wnen the phase-locking saturable reactors do 
saturate, the voltage which appears across R in the base 
circuit of the transistor (see Fig. X) must be sufficient to 
overcome the voltage across N and block the transistor. 
Therefore, it should be sufficient to make Nz equal to No: 
It should be mentioned that it is desirable to make Nz as 
Small as possible in order to limit winding resistance 


losses and to reduce the total number of turns on a core, 
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Having chosen a value of Nz, the required number of turns 
on the phase-locking saturable reactors may be determined from 
Equations (17) and (18), 

Based upon the above, the number of turns in all the wind- 
tings indicated in Fig. X may be determined. Another important 
factor in this design is the determination of the load line 
snown in Fig. XI. 

_ 5.3 Determination of Load Line for Maximum Power Output 

In this discussion, the circuit shown in Fig. XII will be 

investigated. Essentially, this is what we would like the 





Fig. XII. Transistor in common-emitter configuration. 


basie converter circuit to reduce to when the transistor is 
saturated. (This presumes that V, 28 chosen to give this 
condition.) Then, provided there were no other limitation 
on the value of load impedance, Ry, would be chosen in order 
that the maximum power would be delivered to the load, that 
is, so that the transistor is delivering all the power it 
can wlthout exceeding the maximum current rating. It should 
be noted that the circuit used in experimental work in con- 


nection with this thesis was designed on this basis. 


ai 





However, as was shown in Section 3.2, the choice of Ry, 
is not an independent one in this switching circuit, for it 
must be larger in magnitude than the negative resistance 
portion of the v-i characteristic of the circuit, Therefore, 
if the maximum amount of power is to be delivered to the 
load, R, must be minimized. Reference to Equation (3) 
(Equation (19) for the polyphase case), shows that R, is a 
function of the collector-to-base transformer turns ratio, 
the total resistance in the base circuit, and the current 
amplification factor of the transistor. Of interest is the 
ability of the designer to minimize Ro by controlling the 
values of the first two of these factors. With regard 
to the turns ratio, n, we have: 


OR,- _[1-a(n+1)] [en Rpdi-a)] — Cn? Ro(t-a)] Fo] (22) 
on 


[i-a(n+1)] 


Equating this to zero and solving for n, we find: 


= Nig dea) (23) 


Ne ) 


A 


in which case 


i 


Ro, = ~4(1-a)* Re (24) 
O. 


But this result requires that N be greater than Ni which is 
totally unrealistic. Therefore, it is concluded that the 

best the designer can do, in choosing this turns ratio to 
reduce the value of Ry» is to make n as small as possible con- 
sistent with acceptable amounts of dissipation in the base 


circuit. 
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The primary means of minimizing Re is, then, to reduce 
the value of total resistance in the base. This resistance 
is comprised of the transistor base resistance, the winding 
resistance in the base, and the external resistance, R, in- 
troduced into the base in the phase-locking circuit (Refer 
to Fig, X). By proper design of the core windings, the 
second may be made very small. The external resistance, R, 
is also small, so the most important resistance in the base 
circuit is the non-controllable base resistance of the trans- 
istor itself. 

The problem reduces to minimizing all resistances in 
the circuit by careful design of the core windings and by 
introducing the smallest possible resistance into the base 
for phase-locking. Then, by judicious choice of the turns 
ratio, n, the magnitude of ive may be controlled. It must be 
remembered, however, that there is a limit on the value of 
turns ratio below which dissipation in the base becomes 
undesirably large. This dissipation, besides representing 
@ loss of power, also results in internal heating of the 
transistor. 

No simple rule can be given for determining the load 
line for maximum power output since so many factors enter 
into the problem. However, the principles outlined above 


do give the designer a point of departure. 
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CHAPTER 6 
OPERATION OF INDUCTION MOTOR EXCITED BY 
POLYPHASE SWITCHING CIRCUIT OUTPUT 


6.1 Technique of Analysis 
In the analysis which follows, an idealized model of the 


rotating electrical machine will be used and constraints will 
be applied to make it operate as an induction motor. The 
sechnigues employed are those developed in the course in 
Eleotric Power Modulators (6.06) given at Massachusetts 
Inetitute of Technology. The analysis will be made of a two- 
phase machine since the results are perfectly general and can 
be applied to tne three-phase case by making a symmetrical 
component transformation. 

Mie Following assumptions are made with regard to the 
machine : 


i ako and stator are non-salient, i.e., the air gap 
is atta. 


2e “ne stator windings are symmetrical and sinusoidally 
distributed in space quadrature. 


3. The permeability of the iron is infinite. 
tj, Slot effects may be neglected. 
6.2 Equations Deseribing Machine 
From [5] we have the following relations for the 


generalized electromechanical power modulator: 





a] [Rtepte pleas pl tad 
ie O R° + ply. plu sin ® pLicosd | y (25) 
ve" plu cosd Beas sin o Ro+ ply’ ; O : 
ve -plssingd ply’ cosd O R +plh 
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Te = Lat [Cite - t6 te )eos @ = (ig”ia® + iy in’ ) sin | (26) 


where the currents and voltages are measured on the fixed 
stator and moving rotor. In discussing the induction motor, 
it is more convenient to represent the rotor currents and 
voltages which are moving in space by equivalent quantities 
which are stationary with respect to the stator. To do this, 


the o&-(9, d-q transformation is employed: 


Nee | 0 O O Xe 
S S 
S| ee O | O O x %*e (27) 
yer O O cosh -sind] XY 
Xq" O O sind Cosd Xe 


Applying this transformation to Equations (25) and (26), 


the Following are obtained: 


$ | r ‘ 

Vie R+p ON O ; ae p : is 
vs | = © Rit pla O Lu p ay (28) 

r sr sr r r r - ¢ 

Vd Le P Le @ R+ ple ze p lg 

r sr $r Le a » r 

Va ~La @ Ln p -lLyn ® R+ply ia 

” Po Sr a Se — S28 

and Te = > lglg tks | (29) 


By applying various constraints to Equation (28), the 
performance of the induction motor may be studied for any 
conditions of interest. In this thesis, we are interested 
in the effect of varying line frequency and voltage on maximum 
torque and in the effect of harmonic content in the applied 


voltage on the torque-speed characteristics, as well as the 


pl 





effect of these harmonics on heat generation in the machine. 
These factors are all studied in the following sections. 
6.3 Effect of Harmonic Content in Applied Voltage on Torque 

In previous analyses [5], the voltage applied to the 
stator windings of an induction machine has been represented 
by a single sinusoid. Since the object of this thesis is to 
apply the ouvput of the polyphase switching circuit to the 
stator windings, the effect of such excitation on the torque- 
speed characteristics of the machine must be determined. 
Furthermore, the effect of this excitation on machine heating 
may be important. This last will be discussed in the follow- 
ing section. 

For the case of balanced two-phase excitation, the stator 


excitation voltages may be represented by the following: 


nes nwt 
Vio = ay x - iy" Re (exe ) (30) 
en 
oo .\ n+l emit - NT 
ye = 2 Wd Re (e™ *) (31) 
nve- 
N odd 


where 2V is the peak to peak magnitude of the applied square 
wave. If we then define the following complex quantities: 


nei 
vs a2 oad) _AV 
Van = A 7 (32) 
Ve, 2 i" ave (33) 
n TT 
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we can write 


n=i 
n odd 

a = Z, Re | Vee =~ (35) 
nes 


Note thats: 


Now we recognize that in an induction motor the rotor 
windings are shorted so that Va- and Vq" are constrained to 
be zero, so all the voltage constraints on Equation (28) are 
KNOWN e 

In order to solve Equations (28) and (29), it is assumed 
that mechanical transients are very long compared to elec- 
trical transients. Therefore, the aforementioned equations 
may be solved for any desired steady-state value of mechani- 
cal speed of rotation. Furthermore, in the steady-state with 
sinusoidal excitation, the operator "p" in Equation (28) may 
be replaced by Jw, providing the voltages and currents are 
represented in their complex forms. 

Since the applied voltage is comprised of an infinite 
series of ginusoids, the effect of all must be included. The 
substitutions mentioned in the preceding paragraph convert 
Equation (28) to a set of linear differential equations with 
constant coefficients, so superposition applies. Therefore, 


th 


we solve for the n component in the steady state and obtain 


the general result by summing n components, where n goes from 


oe, 





one to infinity. Subject to these conditions, Equation (28) 


pecomes: 


— 


S Y 
\G R'tjnwly O picolen O ena 
lan. = O R*+jnw Le (® jnw oy x [ - (37) 
O jnw Le Wen bu” ymca! en Copeey, | ie 
OF [oWmba  jnwha™  -Wmluh  RGjowhl Ty 


where wm ia the frequency of the fundamental component of whe 
square waves and w, is the mechanical speed (equals %). How 


we define the following: 


ZS Ret jnwi,® (38) 

Zr, SR +jnwuysl (39) 
vn er wan eee As 

Ze ae Za Z,,—-(jnwly (40) 
Ba r g r sre 

Fa = Wrala Pigs ~ jnWayly (cha) 


By substituting Equations (38) and (359) in Equation (47) 
and solving for the currents, the following equations ere 


obsatred s 


sin f mae S 1- IN ees) (42) 


—> s [= S . 
I, =o Leen (5) 

r E a Ne ' NW- Wer) { 
Lia Zee, fone, 








ee ee (45) 
meammiwe 1, 5, 9, « « « e 


and 
%, =+sl; (27) 
Ty. = JT. (49) 


Tome 5, (, ll, « « «= « 
Me algebra involved in obtaining Equations (42) through 


(49) is outlined in Appendix D. 
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Having these expressions, the contribution of each harmonic 


a 


ta torque may be found. Sinee only iike harmonics interact to 


Q 


proauce average torque, iv 18 again possible to consider eech 
harmonie independentiy and then cbotvain the total torque by 
Summing the individuel contributions. 
i “4 t val " oy - my si : h 
Consicer the n narnonic. The complex n harmonic 


currents in the windings may be represented by a magnitude and 


a phase angie, for example: 


= j9 
IL. = lie (50) 





If ail 


the currents are written in this form and the instén- 


taneous currents obtained therefrom, the following relaticns 


result: 


oe ly 


La 


COS (nwt +9”) Aan Peis 


=~I cos (nwt +6*) Re On ee 


Le = ie cos(nwt +9°- ni | = I; Sin (nwt oe) n= 159°: 


aa = eos (nwt+é-n%) = + I sin(nwt +0°) n= oS 


ig’ =Lircos(nwt +e") ne 1,5,9-°- 


-~I"cos(nwt +er | Mee Se 


ig’ = Te cos (nwt eM) = Ty’sin(rwt +6") 2,597 


= -I\ cos(nwt +e"-ntv2)=1,"sin(nwt+e") n= 3,7 1t-- 


Using the above equations and forming the products 


indicated in Equation (29), we have: 


ban 


I 


tH 
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The time-varying terms in the above equations produce no 


average torque. Substituting average values in Equation (29), 


the following expressions for average electromechanical torque 


result: 
Te, = + oe LT, sin (e*-6') | oS ene oe (57) 


=p [-TeTrsin(ote)] — ne37tte (57a) 


This result is not particularly useful, but it can be 


converted to useful form if we consider the following: 


—— 


ty oa as We Pac i al n To) = ie im |- sin(é- e") + jCOS (Q*- e")| ae 159-(58) 


s_jo°( -r -j(nm)] _ sre ee Coke 
Sine - 1% | = yale |-sin(o* 6") jeos(o* 6°)| (58a) 
Neotel: 
Similarly: 
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(e> e ee 
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ty 


-i; pci nn) HL re = -1s ing sin(e-6') +} CoS ee) ' -3741(59a) 
So we can write: 
TST" + G! =21S Ty sin(e’-e") —net,s,9- (60) 


=-2ISTJsin(e%e") 0 8711 (60a) 
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The right hand side of the above equationsis of the same 
form as the bracketed terms in Equations (57) and (57a). 
Using Equations (43), (45), (47), and (49), we now write: 


Tins Beh l= Eanes Ee -2Re PST] o1as~ (6) 


Combining the developments of Equations (57) through (61), 


we obtain the following expression for torque. 
P —_— —e — 
Ten = abe Re [RSE] one nas (62) 


Performing the operations required by the above equation, 





we find: 
~ 7 Pp Wines Sr R" } (63) 
7 S eke oe oie FOmINGh enue i 
Pen Sy hers + ly daa ee w (Lab L 4 
Aree ese 
where 6, 2 e-em (64) 


Ten* Sra, \esete aes sercacas (65) 
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/ UW) + UW) 
where s/s Sear mai (66) 


Again, the algebra involved in obtaining these equatioris 
is outlined in Appendix D. 
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Now, the results given in Equations (63) and (65) must be 
interpreted. There is no difficulty in interpreting Equation 
(63); harmonics 1, 5, 9, ete,, all give rise to normal motor 
action, operating with a slip less than one. With regard to 
Equation (65), it is seen that motor action is produced by 
harmonics 3, 7, 11, etc., also, but in a direction opposite to 
the direction of rotation. 

This result could have been predicted from consideration 
of the direction of rotation of the various harmonic fluxes. 


In Fig. XIII are shown the fundamental and two harmonics of 





Fig. XIIZLT. Fundamental and first two harmonics of two 
square waves displaced 90° in time. 


two square waves displaced 90° in time. If the d wave is 
taken as the reference, veetors for the various components 
may be drawn, as shown in Fig. XIII, for t = 0. We see that 
in the first, fifth, etc., harmonic, the & wave leads the 6 


wave, whereas the o wave lags the ® wave in the third, 
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seventh, ete., harmonics. The effect of the latter is to 
produce waves traveling in the reverse direction. Therefore, 
she resultant flux trevels'in the reverse direction with the 
result that negative torque is produced. In effect, the 
negative torque-producing harmonics have reversed the leads 
to the motor. 

Is must be determined whether this negative torque is of 
suffielent imporvance to necessivate consideration of intro- 
ducing filters into the circuit to remove the harmonic con- 
tent of the switching clreult output. Substituting the 
expressions for the exciting voltage from Equation (32) in 


the torque expressions, we find: 


ee 








Te, = rate | 2 EB CPL (67) 
Cn - 2 ‘iva news, 3 Roe eR coal os é 
° ; n= 15,705 
ar* a 
p (‘eve A es »} (67a) 
= a TI ¢ ‘al Ss, 2R ros rR e ry) Ss 
a E RY) + Ras, nw Lela i 
N= S57 aes, 


The apoearance of che factor, n°, in she cenominator 
indlentes that the harmonics may not be too importan’t as 
regards Torque production. It is not possible to make any 
absolute statement in this regard, however, for the 


imporcanse or che various harmonics will depend on the 


relacive magni.ctuces of the parameters of any given mechine. 
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In order to illustrate the effects of the harmonics, however, 
the cvorque-speed curve for motor action in the frequency range 
of the fundamental was calculated for arbitrarily assumed 
values of the various parameters. In order to get a picture 

of the curves over the entire speed range, maximum torque pro- 
auced by eacn harmonic was also calculated. These calculetions, 
given in Appendix D, result in torque-speed curves of the form 
snown in Fig. XIV. 

For this particular assumed machine, we see that the 
hermonics have negligible effect torque-wise on operation. 

This result cannot be applied to the general case; rather, 
curves sucn as those shown in Fig. XIV should be calculated for 
any given machine of interest in order to determine the 
importance of the various harmonics in torque production. 

Now, the above analysis is for the case of a two-phase 
machine with balanced two-phase excitation. Early in this 
chapter it was stated that this result could be used to obtain 
vne expressions for the three-phase machine by making a 
symaetrical component transformation. This is true, but the 
process would be long and tedious. We can apply the two-phase 
result qualitatively to the three-phase case by realizing that 
the primary effect of going to three-phase machine is to change 
the phase relationships of the various harmonics. Again con- 
sider the rotating fields which are set up in this case. In 
Fig. XV are shown the fundamental and two harmonics of three 


square waves displaced 120° in time. We observe that the first, 
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Pig. XV. Fundamental and first two harmonics of three 
square waves displaced 120° in time. 


seventh, thirteenth, etc., harmonics produce motor action in 
the direction of rotation, whereas the fifth, eleventh, 
seventeenth, etc., produce motor action opposing rotation. 
The toird, ninth, etc., harmonics are in phase, hence 
produce no torque, 

So in the case of tne three-phase machine excited by 
balanced three-phase squere wave voltages, the harmonics have 
negligible effect in producing torque, since each harmonic 
torque will be attenuated roughly as the reciprocal of the 
chird power of the order number of the harmonic. Since 
these harmonics contribute little to torque production, it 


may be best to filter them out of the square wave and apply 
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Pig. XV. Fundamental and first two harmonics of three 
square waves displaced 120° in time. 


seventh, thirteenth, etc., harmonics produce motor action in 
the direction of rotation, whereas the fifth, eleventh, 
seventeenth, etc., produce motor action opposing rotation. 
The taoaird, nintn, etc., harmonics are in phase, hence 
produce no torque, 

So in the case of the three-phase machine excited by 
balanced three-phase square wave voltages, the harmonics have 
negligible effect in producing torque, since each harmonic 
torque will be attenuated roughly as the reciprocal of the 
third power of the order number of the harmonic. Since 
these harmonics contribute little to torque production, it 


may be best to filter them out of the square wave and apply 
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only the fundamental to the induction motor. Whether or not 
this is important will be shown in the next section, where 


losses ere discussed. 


6,4 Losses Due to Harmonic Content of Applied Voltage 
loss 


The rotor copper/due to any n° " harmonic may be 
represented by the following relation [6]: 


ee or ee (68) 


fsing Equations (67) and (67a), this can be written as: 





7 | ey) aed R' 
ce a 2 ar > (Top ERTL Be ae Ras, * aT (69) 


As in the case of harmonic contributions to torque, the 
imporvance of tnis loss depends upon the parameters of the 
narcicuiar machine being considered. In order to get some 
idea of the importance of the losses, calcvilations are made 
in Appendix D for the mashine already considered. In the 
caleulation, it is assumed that tne motor is operating at a 


siip of 10% relative to the fundamental , 


Tne caleulation shows that, considering only the 


iy 
- 


uncdamental and first two harmonies, effieLency (neglecting 
other losses) falls from 90% with the fundamental alone to 

2.5% when the fundamental and first two harmonics are 
included. Presumably the effect is even more pronounced 
when more harmonics are considered. Furthermore, the 


harmonies develop relatively large rotor copper losses, 
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contributing, in fact, far more power to undesirable heating 
than to mechanical power to tne load. 

We can conclude, vnerefore, that, although the harmonic 
content in the voltage has negligible effect on torque-speed 
characteristics, the power losses associated with these 


qe 


haraou.es are of 


ff 


aporeciaple maguicude, vossloly larger tnan 
taose concributed by she fundamental. Therefore, it is 
desirable to fLiter tne harmonies out of the switening- 
elveurls output and apply only the fundaenemcal to the induction 
MICOD o 


6.5 Bffect of Varying Line Frequen:; 
Maximum nm ‘Torque 


and Yolvage on 





In this section only the fundanental component of applied 
voltage will be studied. The harmonics nave livtle erfeet on 
orgque amd, @8 was shown in the preceding section, ave 
eceually undesirable from the standpoint of etTiezLency and 
heacing and should be fillitered out. 
From Equation (S57), the expression for the torque produced 


ivy the funcemental is: 


ts 





n-B(sh lor (EERE 


It is desired to determine the effect of varying frequency and 
magnitudé of applied voltage on the maximum torque produced. 


fin Appendix D it is shown that the slip for maximum toraue is: 


et Serie 
Sm = =R yO ia GE (g )? (71) 
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Equation (70) may be rewritten as follows: 








S 
Ww fas +( ee? + aay 72) 


Substituting (71) and (72) and solving, we obtain: 





ee (73) 
(aS RE] [EEE HRY) 


Tem? (a) RL Wi Fe RE] [OL RY 


For the particular machine studied in Appendix D, the 
above equation shows that the maximum torque increases in 
direct proportion to the increase in frequency (since when 
frequency is doubled, input voltage is doubled, etec.), but 
this its because the inductances were assumed to be equal. 
In most practical cases, nowever, the inductance difference 
term in Equation (73) would be of considerable magnitude 
with the resuit thac the maximum torque would remain very 
nearly constant as voltage and frequency are varied simul- 
taneously and in tne same direction. 


6.6 Conclusions Concerning Square Wave Excitation of 
Induction Machine 


Based upon the foregoing, the following general 
conclusions are made: 


1. Time harmonics in square-wave voltage excitation of 
an induction machine have no appreciable effect on 
the torque-speed characteristics in the speed 
range of the fundamental component of voltage. 


2. For both two-phase and three-phase machines, the 
cumulative effect of all the harmonics is to 
decrease slightly the torque available at any given 
speed, since the harmonics which produce the 
largest torque oppose the motion of the machine. 
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3. The rotor copper loss due to harmonics is 
appreciable, being of such magnitude as to 
decrease efficiency somewhat and to produce 
considerable heating. 

Summing up the conclusions, we can say that the 
overall effect of harmonics is bad. If possible, they 
should be filtered out of the switching-circuit output, 
leaving only the fundamental to be appiied to the induc- 


HON motor. 
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CHAPTER 7 
EXPERIMENTAL RESULTS 

7-1 Outline of Procedure 

The experimental phase of this thesis may be separated 
into four divisions: 

1. Design of the eircuit. 

2. Jnvestigation of parameter changes necessary to 

obtain good oscillation and wave form for a 


Single converter. 


5%. Investigation of the effects of parameter changes 
with a three-phase circuit. 


4, Operation of an induction motor. 
{.2 Design of Circuit and Procedure for Test 

The originai circuit was designed primarily on the basis 
of papers by Royer [1] and Milnes [2]. No attempt was made 
to optimize the design, liberal safety factors being included 
to ensure operation. Due to restricted time available for 
Winding and assembly of cores, the circuit design was not 
refined after initial Cesign, except That the resistance 
introduced into the base in the phase-locking circuit wes 
varied to obtain best results. Details of the design are 
outlined in Appendix E. 

It has been noted in the preceding chapters of this 
thesis that the interacting influences of control voltage ({E), 
load resistance (R,)> base resistance (R+R,), and the number 


of phases have a definite influence on the ability of the 
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converters to oscillate and on the frecuency of oscillations. 
In investigeting these interactions ea single phase converter 
was built first and tested. Then two converters were phase- 
locked 120° out of phase, and finally three converters were 
phase-locked to form the desired three-phase square wave out- 
put. The results of these investigations are shown below in 
graphical forma. An explanation oF the results is ineluded 
which refers to the theory developed in preceding chapters. 


7-5 Single Phase Converter 


\~* 


The circuit used was that snown in Fig. ©, Chapver 3. 
Fig. XVI below shows that the outpvt frequency of a converter 
is directly proportional to the control voltage, otvner 
paremevers being consavant. YShis figure also shows that the 
amount of resistance in the base has a larwe effect on the 
value of che output frequenc:. Since the oase resistance was 
fixed by vhe selestion of transistor and core windings, 
variation in Ry WES Simulated by adding extra resistance to 
the base circuit. This effect 1s predicted analytically by 
Equation (11), Chapter 3. As she total base resistance 


becomes mucn larger than R che value of z. approaches E, 


3? 
the applied voltage, so that the output frequency approaches 
more nearly the ideal predicted frequency. 

Fig. XVII indicates that the value of load impedance 
also effects the value of the output frequency. By increas- 


ing the load the frequency more nearly approaches the value 


given by the simple Equation (21). Reference to Fig. V 
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shows that as the load is varied, the voltage, > which is 
impressed on the core changes shightiy, thus changing the 
output frequency. This effect is not nearly as significant 
as the effect of reflected base resistance and can be con- 
Sidered negligible, 

Each of the three converters to be used in tne three- 


oo 


phase circuit was tested separately. As Tar as could he 
determined each converter exnibited identical frequency 
eharacterisatics as variations in parameters were made. 
7.4 The Two-phase Circuit 
The schematic diagram for the two-phase circuit is 

gnown in Fig. VIII, Chapter 4. The same variation of 
parameters was meade for circuit as is descrived in Section 
joao However, the slope of the frequency versus con¢crol 

ltvage curve was somewhat greater than for the single phase 
case. It was also noted thav the range of operation was 
somewhat less than in the three-phase ease. Yhe results are 
Bhow: in Figs XVITI and XIX. The interprevation of these 
results will be dealt witn more fully in the discussion of 
three-pnase operation. 


f-5 The Whree-phase Circuic 





The schematic diagram for the three-phase circuit is 
shown in Fig. X, Chapter 5. The vresvits of tests for this 
circuit are showm in Figs XVIII, XIX, KX, XX, avid XXIT. 
7.51 Effect of Load Resistance (R, )_ on Frequency 

In discussing single-phase operation it was shown that 
the load resistance had a definite effect on output 
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frequency. As can be seen from Fig. XVIII, increasing the 
phases lessens the effect. That is, by increasing the 
phases the frequency of the output more nearly agrees with 
the values given by the simple Equation (21). Although 
this was not investigated analytically, and it would seem 
to be extremely difficult to follow the effect of reflected 
load impedances in the circuit, the explanation appears to 
be the same as that given in Section 7.2. However, this 
variation is a minor one being only 2 percent for a change 
in load by a factor of 10. 
7.52 Effect of Added Base Resistance (R ) on Frequency 

In discussing the single phase circuit it was shown 
that the effect of added base resistance was to make the 
output frequency more nearly approach the values given by 
the Equation (21). The effect for the three-phase case is 
more pronounced because Ry, itself is increased by reflected 
impedances from the many more resistances in the circuit. 
This effect can be seen from Fig. XXI, where in changing 
this resistance by a factor of 11 to 1 (from 5 to 55 ohms) 
only causes a variation in frequency of 2.6%. Thus it can 
be inferred that when designing a converter for three- 
phase operation, the design can be based on Equation (21) 
without being too much in error. It was also noted that 
the frequency is directly proportional to the control volt- 
age, in so far as the measurement techniques used in the 


testing could detect. 
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{53 Effect of Circuit Parameters on Range of Oscillation 


It has been pointed out in earlier chapters that the 
circuit will not oscillate unless the parameters are such 
that the reciprocal of the load resistance (1/R,) is less 
than the slope of the negative resistance portion of the 
sonverter characteristics. The negative resistance (R,') is 
a function of the number of phases, the total base resistance 
(R, +R), the load resistance (R,) and the control voltage. 
Using Equation (19), together with che definition of K in 
Equation (20), it can be seen that with fixed parameter 
values, the negative resistance will vary with the control 
voltage E. Tnis means first that tnere is a minimum i1oad 
resistance for oscillation, assuming the upper limit on E 
LS sev by the transistor, and secondly, that when the load 
resistance is such that oscillation occurs at maximum 
voltage there will be a point at which oselllation will 
cease as the control voltage decreases. This is verified 
experimentally as shown in Fig. XXiii. Referring to the 
figure, the area marked "Range of No Oscillation" ineludes 
the combinations of R and Ry. for which oscillation will not 
oseur at the maximum control voltage (20 volts for the 
circuit described). The curves to the left of this region 
show the possible combinations of Ry, and Ry, for which 
oscillation will occur for values of control voltage from 
maximum down to the value listed as parameters on each 
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It should be pointed out that actually determining the 
range of oscillation was complicated by the fact that 
voltages tended to go out of phase at low values of control 
voltage. No theoretical explanation of this effect is 
known, it being assumed that non-linear effects come into 
the picture at low voltages. 

7-54 Effect of Number of Phases on Frequency 

As mentioned before no analysis of the effect of phases 
on frequency was made because of the complexity of the 
problem. However, it is an experimental fact that adding 
phages lessens the effect on the output frequency of the 
other main parameters (Ry, and R). 

7.55 Effect of Inductive Load 

Severel runs were made with inductive load consisting 
of a series combination of resistance and inductance, 
However, the effect on output frequency was minor and the 
overall effect did not appear to be dependent on type of 
inductive load. The power factors of the loads varied from 
1.0 down to approximately 0.85. 

7.6 Operetion of an Induction Motor with Circuit Output 

Cne of the objectives of the thesis was to determine 
the feasibility of operating an induction motor with output 
of this three-phase switching circuit. Since the power 
level of the output of the circuit was limited to a maximum 
of 40 watts per phase by the transistor characteristics, it 
was not possible to obtain a polyphase induction machine of 


small enough size to use with the circuit. Nevertheless it 
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was possible to simulate an induction machine with a synchro 
control transformer by shorting the rotor leads. This was 
done with a synchro transformer whose nameplate data was: 

SYNCHRO CONTROL TRANSFORMER, 1C'T MK5, Mod. 4 

USN BuOrd Dwg. 292874, Ser. No. 9419 90/55 

Volts a.c. 60 eps. Bendix Aviation Corp. 
Since the square wave outout has a voltage magnitude of 
about 20 volvs, it was decided to connect the three-pnase 
of the circuit in a ¥Y-connecvicon to approach as closely 
as possible the value of 55 volts listed on the nemepiate. 

The input impedance of the motor was measured at 
approximately 15 ohms, Several attempts were made to run 
the motor with an added base resistance (8%) of 50 ohms 
without success. When the added bese resistance was reduced 
to 5 ohms operation was possible. ‘The results are shown in 
Fig. XXIZ. Operation was only possible for a ranwe of 
contro) voltage from 15 to 20 volts. At the lower range of 
voltages the operation became errat and the motor usually 
stopped suddenly indicating a lack of sufficlent torque. 
fof Generali Comments 
Lt is feit that it should be pointed out that the 

circuit for three-phase operation is rather complicated and 
presents some difficulty to those who desire to set iv up. 
Further, it was found that the circuit sometimes would 
present variations in behavior from day to day. One 
peculiarity is that at times the circuit would jwap out of 
phase.wnen control voltage was reduced to low values. When 
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voltage was increased the pnase locking did not reappear. 
It was found that by disconnecting any two leads in the 
phase-locking circuit and grounding them, phase-locking 
action occurred once more when the circuit was re-energized. 
A variable condenser was used at several plases in the cir- 
cuit in an attemne to correct this wvecause it was telt that 
a charge was being built up in the pynase locking circuit. 

A .05 microfarad condenser across the emitter to collector 
terminals somewhat alleviated this situection. Eowever, the 
best results were usually gotten wien sests were resumed on 
a different day. 

Another difficulty experienced was with faulty opera- 
tion of the transistors. It aypeaeredc. chat one of the 
cransistors falled progressively. The Lirst erfect noted 
was a reduction in circuit output frequency: From previous 
values. Aside from this effect the civavist appeared to be 
operating normally. Later in the test »wrosranm Lt was found 
that it wasn't possible to get full control voltage across 
the circuit. It was apparent that someching was presenting 
a short in the circuit when control voltage reached 18-20 
volts. It wes Tound to be caused by one of the tranoistors, 
replacement of which restored the circult to normal operation. 

Thus, we can conclude that even with an understanding of 
the circuit based on fairly rigorous analysis, experimental 
results are difficult to obtain simply beceuse the circuit, 
being an intricate complex of non-linear elements, often be- 
haves in an unpredictable manner. While the circuit holds 


promise, much more experimental’ work is required. 
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Fig. XXIII. Speed of an induction motor versus control voltage. 





CHAPTER 8 
CONCLUSIONS AND RECOMMENDATIONS 


8.1 Conclusions 

The following conclusions are made with regard to the 

study pursued in this thesis: 

1. For any given circult parameters and number of 
phases, the switching-circuit range of operation 
is load dependent. The effect of numbers of phases 
is shown clearly in Fig. XIX wherein it is shown 
that oscillations will occur with a load resistance 
of thirty ohms for the single-phase case, whereas 
a load of 150 ohms is required to obtain oscillatory 
action in the three-phase case. Fix. XXII shows 
the inter-relation of load resistance and added base 
resistance, the allowable minimum load resistence 
to sustain oscillatory operation decreasing es the 
added pase resistance is decreased. This conclu- 
sion, predicted by the analysis of this circuit as 
a relaxation oscillator, is well-substantiated by 
experimental results. 

2. Over the frequency range of application studied in 
this thesis (7-90 cps), the output frequency of the 
circuit is directly proportional to the DC input 
voltage, parasitic time intervals being of no con- 


sequence in determining frequency. Furthermore, 
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the output frequency approacnes more nearly the 
ideal frequency as the total base resistance, 
reflected into the collector circuit, is increased. 
Tne linear relationship between frequency and input 
voltage, as well as the effect of increasing re- 
sistance in the base, is shown in Fig. XVI. Again, 
this conciusion is predicted by theory and proved 
experimentally. 

Because of the importance of minamining tne slope 


td 


of the negative-resisvance porSion of the vei 


characteristic of the converver as seen from vhe 
output terminals, the design of a polyphase switch- 
ing transisvor circuit for maximum power ouvput 
becomes a delicate balance cf compromises, wherein 
the single most important fector avcears to be 
minimigatiton of component impedances in the circuit. 
in large meesure, this conclusion is based uoon 
the first. 

The polyphase switching trensistor cirecuLlt can be 
used for speed control of induction motors. A 
synehro with shorted rotor wes operated suceess- 
fully over a range from 950 RPM to 2200 RPM in 
the experimental work attendant to this thesis. 
At the present time, the size of motors which can 


be so controlled, without modifying the circuit 


arrangement, is limited by the maximum ratings of 
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power transistors now available. hni@ Limitation 
can be overcome as power transistors of higner 
rating are developed or by sesien of an amplifier 
to amplify the switching-circuit output. 
The problem of starving an incéuction movor, made 
robvlemavical pecause of the fact that velow a 
certain minimum load impedance relaxation oscilla- 
tions cannot occur, can be solved by carerul. 
design of the circuit, the object of the desiga 
being to minimise the negsative-resistance slone 
of the v-i characteristic, ta the experinental 
Work avtendant to this thesis, a factor of ven 
reduction in the resistance added to the base for 
ohase~locking resulted in an even Greater rediuc- 
tion in the minimun load impecance to sustain 
oseLilatory action. 
Harmonie content in the avpiied volteses, while 
having negligible effeet on toreve of an Ludcuetion 
motor, does proauce cisvroportionate rotor cooper 
losses, thus decreasing motveov efficiency and pro- 
Gucing undesirable heating;. Therefore, the 
harmonic content should be filtered out of the 
switching circuit output before applying it te the 
induction motor. This conclusion is based upon 
theoretical analysis and was not. verified 


experimentally. 
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8.2 Recommendations 

The following recommendations for further study in 

the area covered by this thesis are made: 

1. Obtain more experimental data concerning circuit 
operation, particularly as regards speed control 
of induction motors being supplied by the 
switching-circuit output. 

2. Investigate optimization of switching circuit for 
maximum power output and maximum power conversion 
efficiency. 

3. Design a filter circuit to remove harmonics from 
switching-circuit output. Such a circuit must be 
designed to operate satisfactorily over the 
frequency range for which speed control is 
desired. 

4, In conjunction with (3), investigate practicability 
of filtering and amplifying switching-circuit 
output in order to obtain more power for applica- 
tion to the induction motor. 

5. Investigate possibility of designing switching 
circuit with multiple power transistors to obtain 
higher power ratings than can be obtained from 


single transistors [11]. 
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APPENDIX A 
PIECEWISE LINEAR ANALYSIS OF 


THE BASIC CIRCULT 


The purpose of this Appendix is to carry out in detail 
the analysis of the basic circuit which results in the v-i 
characteristic of the circuit as shown in Fig. III of 
Chapter 3 and to show the effect of load on that character- 


istic. The circuit, as shown in Fig. I, is reproduced in 


Fig. A-I for convenience. 


as ee 


we 

i al rT 4 
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Fig. A-I. Basic switching circuit. 


The analysis given in [1] shows that during half of 
each cycle one transistor is blocking while the other is 
operating in saturation. Therefore, it is sufficient to 
examine one-half of the circuit at a time, since the non- 
conducting side has no effect on the output, provided 
leakage current is neglected. 

To simplify the analysis, leakage inductances of the 
windings may be neglected and winding resistances included 
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in the rest of the circuit. Noting then that the conventional 
piecewise linear model of a transistor is as shown in Fig. 
A-II, the half of the circuit which is to be analyzed may be 


represented as shown in Fig. A-ITII. 
a. le 
| Ys 
— —D \——o 
Te st ———— 
le Lb t Ye Le 


Fig. A-II. Conventional pilecewise-linear model of 
saturated transistor. 





Fig. A-III. Representation of "1A" helf of switching 
circuit witn transistor in saturation. 


For the moment, regard N. and N. as ideal transformers 
and substitute their ideal effects in the circuit as shown 
in Fig. A-=IV. 

Then recognize the fact that there is a finite magnet- 
izing inductance and look into the circuit from it; that 
is, look into the circuit at the N windings from the 


magnetizing inductance of the N windings. At this point, 


fO 








[gibt 


= , 
+ lc, = Rs= ¥%et Twi 





Fig. A-IV. Circuit of Fig. A-TIE with vransformer windings 
replaced by an ideal voltage source and an ideal 
current source. 


we are ready to proceed with the break-point analysis, the 

object being to determine the v-i characteristic seen at 

the terminals indicated in Fig. A-IV¥. In that figure, 

designates emitter diode and designates collector diode. 
There are three states of Interest: 


ip e Open @ Open 
Fal. Closed @ Open 

TII @® Closed @® Closed 
where the diodes are analogous to switehes. 

In state If, all currents in the cireult are zero, v is 
negative and of inceterminant magnitude. (This corresponds 
to the condition wherein the transistor is blocked.) 

Tne next item of interest is the break-point between 
states II and III. At that point, the collector diode has 
zero voltage across it and zero current through it. Then, 


the following equations can be written: 


e Scie Le (A-1) 


lp=la-i)t, = eae L¢ (A-2) 





[Sih age (A-3) 





iN, Cee -Q I, 

-vVv+Rel, tE = 0 (A-4) 
= NEN : 
ie Nae (A >) 


These equations can be solved fcr 1 and v to give the quantities 


defined as I, and ¥ 6 in Chapter 3: 








V 8S eee (A-6) 
2 aie 
14 aw Gsce, 
. ee ee) 
ce l=, ie on) 


from which we obtain: 





esa (a-8) 


This break-point, plus the knowledge that v is zero when 
i is zero (from State I), defines State II on the v-i 
characteristic. It is now necessary to determine the v-i 
characteristic for Stave Iif. 

In State III, both diodes in the circuit of Fig. A-IV 
are short circuits. In this case, since we are interested 
only in the slope of the v-i characteristic, it is most con- 
venient to make an incremental analysis, i.e., E is zero. 


Then we have: 


gee ee 
: V 





| l on 
Eta = Looe (A-11) 





. 2 (A-12) 


With the foregoing information, the v-i characteristic 
for the upper half of the cilreult shown in Fig. A-1l may be 
constructed as shown in Fig. A-V. Then, if it is recognized 
that the two haives of the eireunt of Fig. A-I are anti- : 
symmetrical, the v-i characteristic for the entire circuit as 
seen from the magnetizing indusvence of tne core may be 
Gerived by sketching itn the other hal?, as shown in dotted 


4 


lines in Fig. A-¥%. Tne result 2s the v-i characteristic 











Fig. A-W. v-1i characteristic of Basic Switching Circuit. 


(e 





given in Fig. III of Chapter 3. 

With regard to the effect of loads on the operation of 
the circuit, the most important effect is imposed by a re- 
sistance load. The effect is best shown by assuming the 
magnetizing inductance to be infinite, thus leaving a pure 
resistive load across syne v-i term’neis in Fig. A-iV. ‘This 


may be represented as shown in Pig. A-Vi. 





Fig. A-VI. Resistive load placed aeross terminals of 
device having known v-lL chuarescseristic. 
We have: 
} 
V=N (A-13) 
Ae , va 
ees ae mah: 
R. (A-14) 


With these relationships, @ series of v'-i' cheracteristics 
such as are shown in Fig. A-Vik can be obtained. It is seen 
does), the sirsult no longer 


that when R, = R, (as R. 


L G 
2 

exhibits a negative resist 
oscillations cannot occur. 
The effect of inductive loading is, in effect, discussed 

in Section 3.5 wnen the core characteristic was regarded as 
the load on the circuit. It can be seen that the only effect 
of an additional inductive load would be to change the value 


yr Me 


= 








Fig. A-VII. v'-i' cheracteristic showing effect of 
resistive load on operation of basic circuit. 


of inductance used in Equation (&). 





APPENDIX B 


CALCULATION OF PARASITIC TIME 
INTERVALS IN SWITCHING 


B.1 Transistor Switching Time 

The time intervals of interest in this analysis are the 
transistor turn-on time, TO? and the turn-off time. This 
last is comprised of a storage tine, a curing which 
interval the transistor remains saturated, and a decay time, 
To) during which interval the outrpus current decreases to the 
ray small value it has when the transistor is biocking [4]. 
This current is assumed to be wero. 

During the turn-on time, the transistor may ke 
represented by the high-frequency equivalent circult given by 


Gray [4] which is shown in Fig. B-I. Tne frequency-dependent 


————> #(s)T, 6) 


1le® I 
__+o) 
, AWN es 
SmMirreRr Re ard CGLLECTOR 





T,4)|<R 

pO) | r G; 
BASE 

Fig. B-I. High-frequency equivalent cirveult of transistor. 


current amplification factor shown in this representation is 


Gefined as: 


«(Ss ) = Ts = (B-1) 


-) 


where @ is the alpha cut-off frequency. From [4] we haves 
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X, on Re 
Us). _ THe TRUER Cs) (B-2) 
if 7 _ Xe Ret+Re 
; Patensiay | “Re (1+ RCS) 
which may be reduced to the following form: 
R 2 
js) E Xo oe Ro | -~26,7,5 + Tee (B-3) 
I, |-A,+ Ret 1+2€,%8 + 1, s* 
G 
where 
€ 
7, = \jfeGe : (B-4) 
R 
We (%.— BE) 
and 


ze RetRb)Ce as (B-5) 
% | We (| -o6+ Beets) 


-Since we are interested only in crders of magnitude of these 
time constants, we can use values of a, ana C. for the H-2 
transistor in determining them. Gray gives the following ap- 


proximate expression for the relation between C, and V, fads 


C. = 1350 Veo” ppt (B--6) 


which checks quite well with the collestor capacitance informa- 
tion given by the manufacturerfor the @N66 transistor. The 


minimum capacitance we could expect would then be: 


=O 
i 1350(20) Oe 1490 pape. 


.e 
A good value for the w cut-off frequency is 200 kilocycles [4]. 


Ce 


Based on actual measured parameters for the 2N66 transistors 


(given in Appendix E), we take the following as average: 


ai 





50 0) 


oe 
il 


12 K f) 


we 8) 
A 


q, = .95 


Solving for the time constants of Equations (B-4) and (B-5), 


we then obtains 
A = O05 SD Ab secs, 


T, = Llp secs. 


so we see that the time constants are very smali in the 
turn-on process, from which we can conciude that this time 
interval is unimportant in the cirevit investigated in this 
thesis. 

Now, determination of turn-off time is a more compli- 
cated matter. However, it will be of the same order of 
magnitude as the turn-on time [4!. We therefore state, 
without proof, that transistor switching time intervals, 
whether they be turn-on or turn-off intervals, are of 
negligible importance in the circuit. 


B.2 Parasitic Time Interval Due to Non-rero Saturation 
nductance o ore 


The second, and actually most important parasitic time 
interval in any cycle is represented by the time required 
to go from D to G@ in Fig. B-II (Fig. VI(a) in the Section 
3.3, repeated here for convenience). We have the following 
relations governing the current and voltage along the path 


of interest: 


78 





Vo! | _ 


(B-7) 


(B-8) 


Now define: 
Rsn?Rp (B-9) 





Then we have: 
di 

oe 

as 
heve 


Integrating between (8) and (-I,), we 
(B-11) 





Siving: 





Now, we can derive an analytical expression for L_, assuming 


S 
that at saturation the permeability is that of air: 


= NO ran N° BA = N uA he, 
SE ew om (B-13) 


Where A is the effective cross-sectional area and f is the 
mean length of magnetic path of the core material, both being 
available from manufacturer's data. 

I, is defined by Equations (1) and (2), repeated herve 


for convenience: 


I = Es }-a(n+)) : 
oan 1 + 4s A eerie (B-14) 
nN Rp (i-a) 


Sinee so many parameters, the precise value of which is not 
known, are involved in Equation (B--12), any calculation must 
be, at best, an estimate. However, it should indicate oxvder 
of magnitude values. 
For the circuit used in this thesis, good approximete 
values of the parameters of interest are: 
a= 0.95 
RL 
n = 320/75 = 4.27 
R, = 50 
A 


if 


2of3 SQ. CM. 
$2.5%5.5"x1 0" HY MU 80 core 

2 = 23.99 cm. 

By substituting Equation (B-14) in Equation (B-12) and 


simplifying, we obtain the following: 


SC 





Gia t-a(n+)) re ers) 
= x In nN HipR Ooi rons (B-15) 
a + n(nRvoG- -ay+aR s} 


If we substitute the numbers we find: 





At =146 X107* In oe = 23,» secs. 


Again, although of more significant duration than the transistor 
switching times, the above parasitic time interval is also 
negligible. Of course, the values of parameters in the arove 
calculation are not precise, but even an order of magnitude 
error would be insignificant, since, at a maximum frequency of 
operation of the circuit of 100 cps, the period of one-half 


cycle is 5000 micro-seconds. 
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APPENDIX C 


PREDICTION OF EFFECT OF PHASE-LOCKING 
ON OPERATION OF BASIC CIRCUIT 


In Section 4.2, it is stated that the addition of the 
phase-locking cirsuit increases the slope of the negative- 
resistance portion of the v-i characteristic of the basic 
circuit. In this appendix, the equations given there for 
the two-phase case will be derived. 

The circuit under analysis is shown in Fig. C-it. In 
the analysis, it is assumed that transistors 1A and 2A are 
conducting, 1B and 2B being blocked. Further, it is 


assumed that phas? relationships are as shown in Fig. C-I. 


) ; : t 
i, L | TMG AT WICH 


CURCVIT 1% 


} BVING GY AMINGD 
(Vez) Nz 1 3 7 
Ne | 
§ 
toe : 


~ 


| 


Fig. C-I. Phase relationships in cireuit of Fig. C-II. 
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Fig. C-I1 


Two-phase ecireui’: for prediction of e?fect of 
phise-locking cirecu:.t on operation of basic circvit. 
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This being the case, we know from the manner of operation of 
the phase-locking elements that Li is unsaturated, whereas 
L. is saturated. 

In the circuit of Fig. C-II, there are three indeter- 


minant quantities, viz., i i,, and voy: Since, however, 


Ss’ “a 
Li is unsaturated, we can say that: 


a= [Eo (6-2) 
Furthermore, since: 
_ di 
Vere a lax (C-2) 


we know that the sense of 1, is as shown in Fig. C-II, since 
the polarity of Vy, must be such that Li can absorb most of 
the voltage nue in the transformer windings of the addi- 
tive circuit ee sree 

In order to simplify the analysis, we assume that tne 
reactors, Li and Lo: display an ideal square loop character- 
istic, i.e., there is a finite constant magnetizing current 
required to saturate them and their saturation inductance is 
zero. Therefore, at the time in which we are interested, i. 
is a short circuit. Now, the direction of flow of 1. is im- 
portant. If we assume that it is in the direction shown in 


Fig. C-II, we have: 
Vin = Ups Rte) clin (C-3) 


Vea nie (epee) sae Nose i) Rane (C-4) 


Note that, in this case, diodes b!' and c! are conducting, 


at and d! are blocking. 
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It will be shown that Yee is greater than V8? but the 
difference is small. Since the difference involves Vie? an 
indeterminant quantity, it is not possible to state definitely 
that Equation (C-4) proves that i, is in the assumed 
direction. 

If, however, we assume that the current in the sub- 
tractive loop is in the opposite direction of Le. i.e., in the 
direction of 1,' in Fig. C-II, we have: 

Voo = UpsdiRateaabeatial” (C-5) 
Vis ~ Vas TCT es (op )ite all teamed) (c-6) 
In this case dicdes a! and d! are conducting, b' and c' are 
blocking. 

Solving Equation (C-6), we obtain: 

WA Oerarpeee | Sl Vig Ven) aie (C-7) 
Again, Poe can be shown to be greater than "owt so the right 
hand side of Equation (C-7) is negative. Therefore, the 
assumed current direction, a is incorrect. From this we 
can conclude that the actual current is either zero or has 
some value in the direction of 1. Essentially what we have 


is shown in Fig. C-III. In this diagram, the effect of the 


LANA 
Re =r 






! 





Fig. C-III. Subtractive loop with Thevinin equivalent 
looking in at R. 
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converter as seen from the terminals x, y, has been replaced 
by a Thevinin equivalent voltage source (of the polarity 
shown) in series with some resistance. The magnitudes of 
the voltage and resistance need not be determined for an 
understanding of circuit operation. We see that there is 


some positive value of E at which the effect of E. will be 


iy 
L 
overcome and a current, 1.» will flow in the direction shown. 


If E is less than this amount, all diodes block and no 


ay, 


current flows in the cireuit. Since E always has the 


P 

polarity shown (at the time in which ante interested), 
this confirms the above result which stated that 1. can be 
zero or have some finite value in the direction shown above. 

Therefore, in the analysis which follows, the current in 
the secondary loop, te. wilil be assumed to have some finite 
value in the direction shown in Fig. C-II. 

We are interested in the break-point at which ©), in 
Fig. C-IIf is on the verge of conducting. Note that the base 
currents in that diagram are taken in their actual direction 
of flow, i.e., opposite to the conventional assumed dires- 
tion. This is because all currents affecting the action of 
the rectifier bridge must be taken in the direction in which 
they actually flow. In determining the breakpoint of 
interest, twenty equations in twenty-three unknowns may be 
written. 

Mi _ Mis — Ma - Via Vie (c-8) 
Ni, Ns Ns Nii No 
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LN, Na ( tat bs) — ey Ny - be N2=0 (C-9) 


Vio = le, (R*RE) TiLR (C= 10) 

=Sta ite Tan 6 | (C-11) 

Le; wiles te, nO (c-12) 

Ciena eee (C-13) 

Mit Ven Geigy. = (ee eee (G14) 


Note that diodes a and din the rectifler bridge are 


blocking, b and ¢c are conducting. 

Vis ~Vog ~ bs (2 tug tig) 7 (topt ls) R =O (c-15) 
Again, diodes a! and d! are blocking, bob! and c! are 
conducting. 


Vesa VES R iG) ra eonn (C-16) 


ee ein ae WA © (C~-17) 


Note that Ba ejther has some value in the direction shown 
in Fig. C-II or is zero. It cannot heve a non-zero value 


in the reverse direction. 


Nez — Nar — Nea — Mes — Ve Cie 

> Ni Ns Ns Ni ( ) 
LN, +tsN; “a Ns — bezNy -tppN,=0 (C-19) 
Uaee eres = oO (C-20) 
Neen eC (C-21) 


ov 





Equations (C-8) and (C-18) are each actually four equations, 
so there are, in fact, the twenty equations mentioned 
earlier. Since there are twenty-three unknowns, explicit 
solution for any variable is not possible. However, it is 
possible to solve for wa in terms of i> so the slope of 
the negative-resistance portion of the v-i characteristic 
may be obtained. 

In proving tne sense of Zag 9 it was stated that ae Ls 
greater than v 2° By sultable subsatliutions in the above 


equations, we rind tnac: 











E La 
Vi 7 4... aR. \ R (C-22) 
1+ AU-aYRERD) \ileee| 
= ee | Oe ee Veb 
Ve = ear Pale ie aR (0-23) 


Nn (i-ay&eRe) 





Since i, is zero in tne ideal ease and very small in she 
actual case, certainly being less Chan in? eomparison of 
the above equations snows 3 to be grenter than Ve muere- 
fore, a is greater than Vn as was svated earlier. 


We are now interested in solving for i in terms of 
a ° 


V - From Equations (C-10), (c-12), and (C-13), we have: 


bo = Nie (Reval ~ bole] eed 





Substituting these expressions in Equation (C-9), we obtain: 


8S 





_ Vib-aln+s)} A -atn+s)) -a(n+)\l/ R UN ‘ 
LL = nERERA-a) afe - n(i-d) (e+ SN oan 


Taking the ratio of ve to 1, and substituting the expression 
for vi from Equation (C-22) in the resultant equation, the 
new slope for the negative-resistance portion of the v-i 


characteristic as seen from the load is found: 


R. = (Rr Re) Bee (C-27) 





at Ln (1-alit Ag) + a Re) _ f-aln+i)]/ R a : 
where K (aes roe a ) (BER - aie taf Ny n(i-a) (x + # (c- ~28) 


Since the quantity [l-a(n+1)] is invariably negative, n being 
greater than 1, K is normally negative. 

Now, from our previous discussion we know that we can 
substitute qn for 1: With regard to Ls. we can argue that 
physical considerations dictate that it is very small, even 
less than Tae Furthermore, the coefficient of i, in Equation 
(C-28) is less than the coefficient of 1,. Therefore, we can 


neglect the term in i, and write: 


+ {enfetteenseassl | fe, Ms — Geaines|_e }; (0-29) 


: E+Ge eal an Im |ht- a(n} n(i-a) 
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APPENDIX D 
DETAILS OF INDUCTION MOTOR ANALYSIS 


D.1 Calculation of Currents 

In Chapter 6, the effect of harmonic content in applied 
voltage on torque was determined. However, many steps in the 
algebra of the solution were omitted. In order that the 
interested reader may oheck the accuracy of the final predic- 
tions of that chapter, an outline of the solution is given 
here. 


From Seotion 6.3 (Equations (37), (38), and (39), we have: 


ine rae O jouw O a 
ves | Oo 7 O jnolw | y T° 

, sr tr me W) als T r 
O jnwlys (mn m cin |  (D-1) 
0 “Wine jn Wry" ras ine 


If we write the system equations from this matrix and 


then solve by determinants, we obtain equations of the follow- 


ing form: 
<7 5. Atos 
I, z= 2 Va (p-2) 
T° = Sete e (D-3) 
Ss | Ss 
al y V. =o 
ry ae (D-4) 
— $e, +3\Vh' 
Gn ~ Ls (D-5) 





By Equation (36) of Chapter 6, we have: 


—— ie 


Yon = (-j)" (D-6) 


If we substitute this expression in Equations (D-2) through 
(D-5), we prove the following: 


T= (-y)" Le, (D-7) 
Te = 3) 1! (D-8) 


Therefore, we need only solve for Ty,” and I, : because the 
n 
other currents may then be obtained from the above equations. 


The expressions for Ta and Ty are $ 


ZO) iecllen O jnwia O 
— ee Cnn al : Wen b, Wh a Ze ae 
.., = i: if Sr : f . —Vfor ~~ or ¢ e é (D-9) 
‘ jnwly -Wolt Zn jnwh. -wWile Z, 
A 
O Zsa ZO O 
Tr LTS nw” WA Wale] TBS whe” Wyler Wm Ly! ’ 
la. ~~  VOn - Wl sr Jnwl gr Le . mom sr Jnw Le Fas (D 10) 
HES. 
A= Zs Zan) 20), 0 re O Z,  jnwh ye 
Fe Zee cede, 2t0, en (D-1.1) 
jnwlhe wal ZY “Win ba jnw lar Za 


In Chapter 6, two quantities were cefined as follows: 

Z, $2725 - (jnwL,*)? (D-12) 
2 

Z, & Wmbyl Zp INWWm by" (D-13) 
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Expansion of Equation (D-11) will show that: 
Sas ART (D-24) 


if then we solve for To, and i » the solutions will be of 


4) 


the following form: 


as Me | , 
es = | isdaczr (6-7) Vic Onze (D-15) 
- Me | y+ den si (f +jn) n=3,7,11°* (5-1Be) 
— yak Z,+2Z; on! . ” 
where Ca nw Wn gir ort reser [atisy Ln 74a Tht rae (D--16) 
and y= jnw (ara Fag ter WW, LS ra (D-17) 
Tf = Le" : + | nel 59°" (D-13) 
dn 5 ray: P+! 
<f ber Nee ln jo] n=3,7,11 (13a) 
where 2 = |NWWep Use jn’ o- jnwZ, PU Le 2 ()--19) 
and T= Ww Zee = Ge, ie 2 (9--20) 


By simplifying the above expressions for tu,5 and bie > vie 


following eqauetions can be obvained: 


yoo Vhg 1 oe laste, = See (1)--22 ) 


Ze en 
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n 


= Ie, 
—— Ss 
Tre Lt Van (nw - Wn) n=1,5,9"" 
dn Pan +jZ, , 
— aan NW +NWrn) Woo 7 ee 
Zo a Za 


From Equations (D-7) and (D-8) we have that: 


EAS male. ae =) aaa 
_ Fig es 7 - 
= J On Nee el] 

1. > n=1590 
= +j1," n=3,7,11 


— or 2 
i Vas + nein apeecl| aS en 
or Pd se 


(D-21a) 


(D-22) 


(D-22a ) 


(D-23) 
(D-23a ) 
(D-24) 


(D-24a ) 


Equations (D-21) through (D-24a) appear as Equations (42) 


through (49) in Chapter 6. 


2 Calculation of Torque 


In Chapter 6 the following expression is developed for 


the electromechanical torgue developed in the machine: 


Te, = aL.” Re |-T: Ta | n21,35,7" 


(D~25) 


In order to perform these operations, it is convenient 


to obtain the following: 


R'R 


: sr? r 
Z,+jZ,=-nw LAR Sly Rint? | +SnlL a’ -Le LY) 
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(D-26) 





Clee 


Z,-JZ,= + nw|LAR'+ Sele" R* | -N7W" GB — 





vas NW-Wm 


where = ait 


NW+Wym 
NW 


iD 


S, 


Then, write the currents as follows: 





= <> | aaa 
ie Were 1 + inw n=1,5.9 


- A‘-jB 
Te oe ea n=1,5,9 
An —-A+jB 
Bi Wee n=37 ji 
A’-3B" 
= ns Y S$ 
where i Ganew + Le IR 








and A' and B' are of the same form except 


Now ovserve that: 


+si(LE LL) (D-27) 


(D-28) 


(D-29) 


-_ (D-30) 


(D- 34) 


that Sn! replaces She 


Ee =Cj) =) haa (D-35) 
— % ae 
= (J Ty") = -J1, es 7 (D-35a) 


The torques may then be written: 


_ Py s Vee InwwLe I) a 2 bes a 
Teg? Ely" Re - Klis me ee ua i 


gu 








- au Re|- Vor (y+ sguate anes aed N= 3,7,11'°°'  (D-B6e) 


which may be reduced to: 





V7 @@ yeu 
ie = a en TR ee PLT n=159°(D- #4 
fn 2 nws, ce ue "RA+ Pek a poten Tay ( 27) 
Ves Le R’ 


n=3,711"(D-37a ) 





2 FOS, EE ta Lt Rs Re eee: a 


B.> Calculation of ieal Torque-speed Curves 





If we arvitrerily assume values of the motor parameters 
wnich appear in the torgue equations, we can get some idea of 
the quantitative effect of harmonics on motor action. We 


assume, then, that: 


vu 
ry 
i 


0.15 


we 8 
ta 
tl 


0.30 2 

sc g r . 
L 2 Ly m= Ly = 0.04 henries 
377 Red/See 


2 
i 


V = 115 volts 
P = 2 
Substituting these values in Equations (67) and (67a) 


from Section 6.3, we haves 


37x16" ! 
te. <2 ES) 
a foe or +o.012] +[-2.99912 | 





on n ay 
where torque is positive for n=1, 5, 9, ete., and Sa is the 


appropriate slip defined by Equations (64) and (66). 


2, 





Calculations for various values of motor speed for the 
fundamental and first two harmonics give the results tabulated 


in Table D-I. 


Table D-I 


Numerical Results of Torque-speed Calculations 














ty 
- 


| 





wee 


Te atin Ol ae BE I I ST Rr I cI I I 
£ 






ee, Soe eS ee 





SS To eee ee Soe 


We also desire the maximum torque produced by each of 


cnese harmonics. We haves 











uw gre@pr 

+ P{lev’\ Sn eee e 

Te,== a 16s = { Se hie ul rR® = Rres rt er 2 r 2) 7 (D 38 ) 
\ L. n bp | 1 ley en 1 -Lul, 


ote =0= { [La Rs, LR RE nus," | - sf Lt RLARESLR) eugene] (D--39) 


from wnaich the slip for meximum torque may be obtained: 
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a ee newRLe ER RS (D 
Mmax (n Oi + | econ a (nut )*]° 
For the parameters assumed above: 


SELES Oa 
t -- 509 n°4+ 2.02 x10 oy 
SP man =| 20.36 n@ x O09 





Subpstasuting this value of sitip in the torque equaticn, 
we hare 
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for the assumed mechiine. 
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Wnen the motor is 
tne fundamental, thas gives the following losses for the 
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nerating at a slip of 10% relative to 





The internal mechanical power developed by each harmonic 


is expressed by the following: 
| (1 9.8) , 
Pant = 1 - & nwt, = Us) Pross (D-41) 
For the fundamental and first two harmonics this gives: 


P = 9QOQO00O watts 


int 
int. 480 watts 


int, = 122 watts 


We see that the efficiency is 90% for the fundamental 
alone, wnereas if we include the first two harmonics, 


efficiency falls to 72.5%. 
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APPENDIX E 
DESIGN OF POLYPHASE SWITCHING CIRCUIT 


The circuit used in the experimental work of this thesis 
was basically the circuit described by Milnes [2]. In the 
course of the experimental work, three different sets of 
cores and two types of transistors were actvally used but 
only one of these circuits is described here. 

The first basic limitation on circuit design is that im- 
posed by the transistor characteristics. The transistors used 
in this circuit were type 2N66 manufactured by Western Electric 
Co. These are p-n-p alloy type transistors, sealed in a 
welded can. They were mounted on an unpainted aluminum sheet 
(33"x35"x1/16" thick) in order to provide an adequate heat 
sink. The pertinent characteristics of the 2N66 type are 
listed below in Table E-I. The parameters of these transistors 
were measured and are listed in Table E-iI. 

Table E-I 


General Characteristics of 2N66 Transistors 


Current, continuous to any electrode O.8 amps 
Maximum collector to emitter voltage 40 volts 
Maximum collector to base voltage 60 volts 
Reverse current at -4.5 volts, collector to base 75 a. 

Base voltage for 400 ma collector current -2.0 volts 
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Since the limiting collector-to-emitter voltage is -40 volts, 
the maximum value of control voltage is limited to 20 volts. 
This is because twice the control voltage appears across the 
transistor when it is blocking, 

The core material used was tape-wound Hy-Mu 80 (tape 
thickness: 2 mils) manufactured by Magnetics, Inc,, and listed 
as item No. 50042 in their catalogue. These cores have an 
effective cross section area of 2.73 square centimeters. They 
are assembled in a protective case with a clear window area 


of 536x100 


circular mils. For practical purposes Hy-Mu 80 
can be considered to have a maximum flux density of 0.72 
webers per square meter. Thus our cores had a maximum flux 


m 


at saturation of 1.97x10  “ webers. 

It was decided to design for a frequency of 60 cps of a 
eontrol voltage of 15 volts. This mean operating point was 
chosen since the objective of one phase of the experimental 
work was to apply the output of the switching circuit to a 
60 eps induction motor. With these values the number of 


turns for the collector winding can be obtained from the 


formula: 


N 318 


= 


S75, 7 axcoriaive* * 
A value of N = 320 turns was selected. 
Next it was necessary to determine the load which would 
be used. Since the power output would be small, it was felt 
that our induction motor would have to be simulated from 


available synchro elements. On this basis a resistance of 
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50 ohms was selected for the load of each phase. This load 
line is shown plotted on the transistor characteristics in 


Fig e E-I o 


COLLECTOR VOLTS 





loo 200 300 400 560 £00 
COLLECTCR CURRENT (ma) 


Fig. E-I. Typical output characteristics of a 2N66 
transistor in common emitter configuration. 
(Load line of 50 ohms is shown superimposed.) 


From this figure it can be seen that when the converter 
is operating at 20 volts there will be a collector current 
of 400 miliilamperes. From Table E-I it is seen that for 
this collector current a base voltege of less than -2.0 
volts would be required. Since the base voltage is n/N, 
times the collector voltage a turns ratio less than 10 : 1 
would be required for the base. However, in order to be 
assured of cut-off a ratio of about 4 : 1 was chosen. 
Accordingly 75 turns was used for the value of No. This was 
found to be greatly in excess of the value required, but at 


the time the circuit was designed the main objective was to 


en 





insure operation. If the circuit were to be redesigned in 
light of present knowledge, a turns ratio of 9 or 9.5 to l 
would be used, the main consideration being to reduce the 

power dissipation in the base. If the base resistance, R, 
has to be large for some reason, a smaller value of turns 

ratio ( 9 : 1) will reduce the power dissipated and still 
assure operation. 

Tnere is no particular requirement on the turns 
selected for the coils in the phase locking circuit. Their 
purpose is to provide voltage for the phase locking circult. 
Tne cnly consideration should be that they do not provide 
more volt time area than the saturable reactors can absorb. 
For vhe circuit being discussed 150 turns was used for Nze 

Tne material used for the saturable reactors was 
Hypernik V, manufactured by Westingnouse. Tne core used 
has an effective cross section of 0.69 square centimeters 


4 > ~u. 
and a maximum flux density of 1.41x10 webers per square 


Ié has previously been shown in Chapter 4 that the 


turns for L, and L., designated N and N are given by 
il B L, Ls 


Equation (17): 


N N _— HYMU_ 80 300 _ 2.73x10'x.72x107° 
= = = - 
Pl hs By PEEK 3 69x10 'x2 41x10 : 

= 200 turns 
N, = N, = 2N, = 400 turns 


2 by Ly 
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Since in reference [3] it was mentioned that the turns 
for the saturable reactors should be slightly iess than the 
optimum value given above, the windings for the saturable 


reactors were provided taps to give the following range in 


turns; 
N,, om Ny, = 130 through 205 in 5 turn steps 
1 
N, =N, = 340 through 410 in 10 turn steps 
2 4 


The rectifier bridges were constructed of the only 
Giodes available in sufficient number, 15 diodes being 
required for the circuit. The diodes were a silicon type 
IN336 (0.4 ampere maximum at 120 volts). 

Next it was necessary to wind the cores with aslarge 
a diameter wire sige as possible in order to reduce the 
Winding resistance to a minimum. Since the center core had 
the greatest number of windings, wire sizes were chosen on 
this basis. This core required 3 windings of 320 turns, 4 
windings of 150 turns, and 2 windings of 75 turns. An 
upper Limit of 400 circular mils per empere was chosen to 
limit coil heating. In order to provide for the shuttle 
used on the winding machine, only one-third of the window 


6 


area of the cores could be used (1.78x10~ circular mils). 
To provide a margin of safety the following allowable 
currents in the cores were used: Ny and No - ,O ampere max. 


Nz - 0.5 ampere max. 
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The winding sizes were then chosen on the basis of making 
the winding losses equal in all the coils as shown by the 
calculations below: 


Coils Amp. Circ.Mils No. of Coiis Total Turns Total Circ Mils 





Ny 0.8 x 3 960 960 x 
N, 0.8 x ue 600 600 x 
Ns 0.5 5/8 x 2 150 95 x 

1655 x 


1655 x = 1.78 x 10° circular mils (avallable) 
x = 1070 circular mils (use No. 20 awg) 
5/8 x = 670 circular mils (use No. 22 ewg) 

The saturable reactors had only one winding each and 
presented no problem. AWG No. 22 was used. 

The remaining circuit element, ths edded base 
resistance, was originally chosen according to information 
given in reference [2]. In this it was stated that this 
resistance should be approximately equal to the inherent 
bese resistance of the transistor. Ferly in the experimental 
work, this added resistance was therefcre set as 50 ohms, but 
as further experimental information developed, the base 


resistance, R, was made a Varleabie. 
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Table E-ITI 


Measured Parameters 2N66 Power Transistors 


Essentially 
zero 





1O5 





10.. 


a lke 
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